Quantum chemistry calculations and classical molecular dynamics simulations have been used to examine the equilibria in solution between the neutral and zwitterionic forms of glycine and also of the glycyl radical. The established preference (by 30 kJ mol−1) for the zwitterion of glycine was confirmed by both the quantum chemical calculations and the classical molecular dynamics simulations. The best agreement with experiment was derived from thermodynamic integration calculations of explicitly solvated systems, which gives a free energy difference of 36.6 ± 0.6 kJ mol−1. In contrast, for the glycyl radical in solution, the neutral form is preferred, with a calculated free energy difference of 54.8 ± 0.6 kJ mol−1. A detailed analysis of the microsolvation environments of each species was carried out by evaluating radial distribution functions and hydrogen bonding patterns. This analysis provides evidence that the change in preference between glycine and glycyl radical is due to the inherent gas-phase stability of the neutral α-carbon radical rather than to any significant difference in the solvation behavior of the constituent species.
Introduction
Free radicals derived from R-amino acids are known to be important species in many biological processes. For example, the oxygen-centered tyrosyl radical is thought to be involved in photosynthesis as well as in the vital reduction of RNA to DNA. 1 Other peptide radicals have been implicated in a range of areas relevant to human health such as Alzheimer's disease, atherosclerosis, and diabetes as well as aging. [2] [3] [4] A class of peptide radicals that arises frequently in biological systems are those derived from the homolytic cleavage of the C R -H bond. Constructive examples of this type may be found in the glycyl radical subclass of the radical-SAM superfamily of enzymes, which are important in various metabolic pathways of anaerobic bacteria. 5 Harmful examples are known to occur frequently as part of the degradation of proteins through fragmentation and rearrangement reactions initiated by reactive oxygen species. 2 Indeed, mechanisms of this latter type may well be intimately involved in the diseases noted above.
The prevalence of the C R -centered radicals derived from amino acids is thought to be associated with the unusually low C R -H bond dissociation energies (BDEs) of the relevant closed-shell parent species. This is normally attributed to the captodative stabilizing effect of having both electronwithdrawing and electron-donating substituents acting on a single radical center. 6 While this special stabilizing effect is relatively straightforward in peptide-based C R -radicals, it becomes more complicated in the amino acid building blocks themselves. The complication arises because, in the absence of surrounding peptide bonds, both the closed-shell parent and the C R -radical of an amino acid can potentially exist in either a neutral or a zwitterionic form. In the gas phase, the neutral form is preferred. However, in aqueous solution, the differences between the interaction of the neutral and zwitterionic forms with the solvent can be expected to have a large and possibly even dominating effect on the relative stabilities.
In order to investigate the effect of C R -radical generation on the neutral-zwitterion equilibrium in amino acids, we have chosen to characterize the simplest possible system in which it is present, namely glycine. Using a range of theoretical techniques, we have calculated the relative free energies, both in the gas phase (g) and in aqueous solution (aq), of the neutral and zwitterionic forms of glycine (N and Z) and the glycyl radical (NR and ZR). Figure 1 shows the four relevant species arranged in the form of a free energy cycle to facilitate both discussion and calculation. 7 The branch of Figure 1 connecting neutral glycine with its zwitterionic counterpart (∆G NfZ ) has received by far the most attention in the literature. 8, 9 Ab initio studies find that the zwitterion of glycine in the gas phase (Z (g) ) is not a local minimum on the potential energy surface but rather collapses to neutral glycine (N (g) ). 9 In contrast to the situation in the gas phase, both the neutral and zwitterionic forms of glycine are stable entities in aqueous solution (N (aq) and Z (aq) ), with an experimentally known energy difference in favor of the zwitterion of ∆G NfZ(aq) ) -30 kJ mol -1 . 8 Because of the fundamental nature of the problem, numerous groups have previously used theory to study the neutral-zwitterion equilibrium of glycine. 9 However, depending on the level of sophistication employed, the results can show significant variation. Some calculations indicate that the neutral form (N (aq) ) is more stable by approximately 5 kJ mol -1 , while others favor the zwitterion (Z (aq) ) by approximately 50 kJ mol -1 .
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Although no systematic comparison between the solutionphase energetics of the neutral and zwitterionic forms of the glycyl radical has been carried out, Barone and co-workers 10 have undertaken extensive work on their magnetic properties. Their general conclusion, in agreement with indirect experimental evidence, 11 is that the neutral form dominates in solution for pH values below 10. In particular, the zwitterion was discounted 10a,d because the calculated hyperfine couplingconstant (hfcc) values did not agree with the solution-phase experiments but did show agreement with hfcc values derived from solid-state glycyl radical experiments, 12 in which the radical is known to exist in a zwitterionic form. On the other hand, the calculated hfcc values 10c,d,g and g-tensors 10g for the neutral form agree well with the observed spectroscopic features, provided a sufficiently sophisticated description of the solvent 10h is used. In the present study, we are particularly interested in understanding the details of why the preference for the zwitterionic form of glycine in aqueous solution 8 changes to a preference for the neutral form in the case of the glycyl radical. We approach this question from a thermodynamic point of view, which we believe is complementary to the magnetic approach that has been comprehensively applied to the glycyl-radical system in recent years. 
Theoretical Methodology
Gas-phase quantum-mechanical energies were obtained with the high-level CBS-QB3 procedure 13 using Gaussian 03. 14 As mentioned in the Introduction, the zwitterion of glycine in the gas phase (Z (g) ) is not a local minimum on the potential energy surface but rather collapses to neutral glycine (N (g) ).
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In order to investigate the magnitude of ∆G NfZ(g) , we have therefore chosen to use a C s -symmetry-constrained geometry to approximate the zwitterionic structure (Z (g) ). Implicit solvation calculations were performed using a polarizable continuum model (IEF-PCM) 15 with Bondi's all-atom radii and all other parameters appropriate for the solvent water. The geometric contribution to solvation was calculated by re-evaluating the gas-phase CBS-QB3 energies using B3-LYP/6-311G(d,p) geometry optimizations in conjunction with the IEF-PCM methodology. Finally, total free energies in solution and pK a s were obtained by adding implicit solvation energies derived from IEF-PCM B3-LYP/ccpVTZ//B3-LYP/6-31+G(d,p) single-point calculations to the re-evaluated CBS-QB3 energies.
Explicit solvation energies were obtained using classical molecular dynamics simulations. Classical valence and van der Waals parameters were assigned to each of the four solutes with the assistance of the antechamber 16 module of the AMBER 8 17 software package. Partial solute charges were obtained by restrained fitting to the electrostatic potentials (RESP) 18 derived from the IEF-PCM B3-LYP/ cc-pVTZ//B3-LYP/6-31+G(d,p) calculations mentioned above. 19 Each of the four solutes was placed in a box of 793 TIP3P waters. Following energy minimization of the resultant system in order to remove close contacts, NPT molecular dynamics simulations were run using a 2 fs time step with a coupling constant of 0.2 ps to the constant target temperature of 300 K and a coupling constant of 1.0 ps to the constant target pressure of 1 bar. A 9.0 Å cutoff for nonbonded interactions was used in combination with the particle mesh Ewald procedure for long-range electrostatics, while bond lengths were constrained using the SHAKE algorithm. 20 After an equilibration period of 10 ps, structural data were accumulated over 2 ns for the purpose of radial distribution function (RDF) and H-bond analysis. Following this, the energetic contribution of the solvent to each branch of Figure 1 was obtained by performing the four corresponding alchemical mutations, both in the forward and reverse directions (resulting in eight mutations in total). 21 The free energy differences associated with these mutations were evaluated using a thermodynamic integration protocol in which only the interactions between the solutes and the solvent were considered. The resulting solvent contributions were then combined with the CBS-QB3 energies to yield the final free energy differences in solution. While the idea of obtaining the solvent contribution to chemical equilibria from classical free energy calculations is not new, 22 it has been shown to be an accurate means to access this quantity that still finds widespread applicability in the modern era. 23 In our calculations, the thermodynamic integration was performed using the Gibbs module from the Amber 6 program suite, 24 employing electrostatic decoupling. Simulations were run using a 1 fs time step with 20 discrete (λ) windows between each physical state. At each value of λ, 100 ps of equilibration was performed prior to 1 ns of data collection. Coupling constants of 1.0 ps to the target temperature and pressure were employed for these simulations. Further details can be found in the Supporting Information.
Results and Discussion
Our approach begins with a gas-phase treatment using the high-level CBS-QB3 procedure.
13 Application of this methodology yields the gas-phase free energies denoted as ∆G (g) . To supplement these results and arrive at the relevant free energies in aqueous solution (∆G (aq) ), we have used two alternative procedures. The first (implicit) approach involves the polarizable continuum model (PCM) of Tomasi and coworkers. 15 In this approach, the free energy of solvation of each species is calculated and added to the gas-phase free energy. In the second (explicit) approach, suitably parametrized models of the four compounds are placed in a box of 793 TIP3P water molecules and "alchemically" transformed according to the four branches of Figure 1 . 21 The free energies associated with these transformations are then evaluated using thermodynamic integration. 25 Due to the fact that free energy is a state function, we may arrange the two differences of differences into an equality
which holds both in the gas phase and in aqueous solution and to which the free energy of the hydrogen atom does not contribute. 21 Traditionally such a cycle is employed to circumvent the calculation of more "difficult" free energy differences (such as ∆G NfZ -∆G NRfZR ) through their substitution by more "straightforward" evaluations (like ∆G NfNR -∆G ZfZR ). In the current work, however, we have explicitly calculated all four differences.
In the gas phase, the energy difference between the C sconstrained zwitterionic form of glycine and its neutral isomer (∆G NfZ(g) ) is 112 kJ mol -1 (CBS-QB3, Table 1 ). On the other hand, using an explicit representation of the solvent yields a value for ∆G NfZ(aq) of -36.6 ( 0.6 kJ mol -1 (Table 1) , in good agreement with the experimental result (-30 kJ mol -1 ). The implicit approach to solvation also predicts Z (aq) to be more stable than N (aq) (in this case by 50.2 kJ mol -1 ), but the comparison with experiment is less satisfactory.
While it is not the aim of this study to simply reproduce the equilibrium behavior between the neutral (N (aq) ) and zwitterionic (Z (aq) ) forms of glycine, the good agreement with experiment obtained by combining CBS-QB3 gas-phase energies with an explicit classical representation of the solvent, for this equilibrium, is important and encouraging. In particular, this result can be considered as a calibration of the approach, indicating that the chosen methodology can be considered to be reasonably reliable for the closed-shell equilibrium (between N (aq) and Z (aq) ) and by implication can be expected to be similarly reliable for treating the closely related equilibrium between the neutral and zwitterionic forms of glycyl radical (NR (aq) and ZR (aq) ). Indeed, an approach involving calibration of a methodology with a known result, followed by informed application to a closely related model, has been advocated for some time.
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The CBS-QB3 results predict that the neutral form of the glycyl radical NR (g) is significantly more stable (in the gas phase) than the (constrained) zwitterionic form ZR (g) , which can be seen by the value of ∆G NRfZR(g) ) 200.8 kJ mol Table 1 . This large energy difference comes about because, in addition to the contribution arising from charge separation (such as that which dominates ∆G NfZ(g) ), there is captodative stabilization in the neutral form of the radical (NR (g) ) that is absent in the zwitterionic counterpart (ZR (g) ). However, due to the anticipated preferential solvation of the zwitterion (ZR (g) ), the extent of this difference might be expected to be considerably reduced in aqueous solution, as in the case of glycine itself (N vs Z) . Indeed, the value of ∆G NRfZR(aq) calculated with explicit solvent indicates that the impact of aqueous solvation on this difference is some 146.0 kJ mol -1 . However, even this large differential solvation effect is not sufficient to overcome the inherent preference (by 200.8 kJ mol -1 ) for the neutral radical (N (g) ), which is predicted to remain the more stable radical species in solution by 54.8 ( 0.6 kJ mol -1 (using the explicit model). The implicit solvation model also supports this conclusion but, as was the case for ∆G NfZ(aq) , this approach probably overstabilizes the zwitterionic form, leading to a prediction of ∆G NRfZR(aq) ) 42.3 kJ mol -1 .
Intrigued by the earlier suggestion that a protonated form of the glycyl radical (NH 2 C(•)HCO 2 H 2 x) could be necessary to account for the observed magnetic properties in acidic solution, 10b we have also calculated the pK a values of the two relevant radical-cation species using the implicit approach outlined above. We find that the calculated pK a of the species (NH 2 C(•)HCO 2 H 2 x) that would result from protonation of the oxygen atom of the neutral glycyl radical is -5.4. Similarly, the pK a of the less stable species, resulting from protonation of the nitrogen (xNH 3 C(•)HCO 2 H), is calculated to be -4.1. Both of these values are low, and the true values are likely to be even lower, given that the same methodology overestimates the experimental pK a value for the xNH 3 CH 2 COOH f xNH 3 CH 2 COOQ + Hx reaction by 0.5 pK a units (2.8 as opposed to 2.3, see Table S3 of the Supporting Information). 27 We therefore conclude that it is unlikely for the glycyl radical to become protonated, even under strongly acidic conditions. Such a conclusion is compatible with the spectral parameters derived from vibrational-averaging 10c,d and molecular dynamics simulations 10g presented by Barone and co-workers, which are in turn in good agreement with those measured at a pH of 1. 11 Clearly, the presence of a radical center at C R of glycine drastically alters the equilibrium between, and the acidity of, the respective neutral and zwitterionic forms. The extent to which the presence of the radical alters the equilibrium, when compared with the same situation in the closed-shell counterparts, is provided by the quantity ∆∆G ) ∆G NfZ -∆G NRfZR . As mentioned previously, this is equivalent to the difference in the two bond dissociation energies ∆∆G ) ∆G NfNR -∆G ZfZR , which in turn can be called a radical stabilization energy. 28 Regardless of which branches of the thermodynamic cycle are used, the gas-phase results in Table  1 show that the neutral form of the radical is favored over the zwitterionic form in the gas phase by an additional 88.8 kJ mol -1 when compared with the same situation for the closed-shell parent species.
Interestingly, despite the potential for large differences in the solvation energies of the various species in Figure 1 , the value of ∆∆G (aq) is not significantly different from ∆∆G (g) . In the case of the implicit model, the effect of solvation is predicted to cause ∆∆G to become more negative than the gas-phase value by just 3.7 kJ mol -1 . The explicit solvation model also suggests that ∆∆G (aq) is only marginally more negative than ∆∆G (g) . In this case, however, the effect is expressed as a range (2.6-10.7 kJ mol -1 ) rather than as a single value. 29 In both cases, the minor difference between ∆∆G (g) and ∆∆G (aq) indicates that the reason why there is a qualitative shift accompanying solvation in the equilibrium between the neutral and zwitterionic forms of glycine, but not for the glycyl radical, is largely associated with the underlying gas-phase stabilities rather than any drastically different solvation behavior.
The minimal net impact of solvation on ∆∆G shown in Table 1 could be taken to imply that the relative solvation environments of the closed-shell species are quite similar to those of the relevant radical counterparts. In addition to this circumstantial thermodynamic argument, it is possible to probe such phenomena more directly through a detailed structural analysis of the simulations carried out in the present study using explicit water.
Prior to embarking on such a structural analysis however, it is informative to briefly examine the RESP charges obtained for each of the four solutes examined in this study (Table 2) . It is through these charge values that the differing electronic distributions, reflected in the differing electrostatic potentials, enter the classical molecular dynamics simulations. Several important factors can be seen by inspection of Table  2 . First, the atomic charges for the two zwitterionic species (Z and ZR) are relatively similar to one another, as demonstrated by the largest difference between them (for C R ) of just 0.1 e. On the other hand, there are more significant differences between the two neutral species (N and NR). In particular, the charge on the nitrogen is 0.4 e less negative in the radical than in the closed-shell species. This is compensated for by the charge on C R becoming negative (partially offset by a more positive charge for H R ) and a more negative total charge on the carboxylic acid substituent (from -0.1 to -0.3 e). These results are consistent with the concept of the captodative effect, which sees the radical center receive an increased donation of density from the amino substituent, combined with an increased acceptance by the carboxylic acid substituent.
One means of obtaining an informative overview of the microsolvation of the various species examined in this study is through the inspection of selected radial distribution functions (RDFs). For example, Figure 2 shows the RDFs of water oxygens (O w ) around N 1 (solid lines) and O 2 (dashed lines) of all four species (see Figure 1 ). The major difference between the neutral (N and NR) and zwitterionic (Z and ZR) RDFs is the significantly larger peak heights associated with the latter. This is simply a reflection of the stronger interaction of the more polar species with the aqueous medium, as is also quantitatively evident from the free energy changes shown in Table 1 . In accordance with the thermodynamic expectations, the RDFs for the two zwitterionic systems Z and ZR can be seen to be very similar to one another (Figure 2c,d) . A comparable observation is qualitatively valid for the two neutral systems (N and NR, Figure  2a,b) , although some minor differences are apparent. In particular, the N-atom of the radical (NR) appears to be less well solvated than the analogous N-atom in the closed-shell system (N). The opposite trend is apparent for the corresponding carbonyl oxygen atom.
Additional information pertaining to the nature of the microsolvation of the N 1 and O 2 atoms of neutral glycine (N) and its C R -derived radical (NR) is provided by the RDFs of the water protons (H w ) surrounding these atoms. For example, the RDFs of solvent protons surrounding the nitrogen atom shown in Figure 3a are markedly different for species N and NR. In particular, the absence of the peak centered at ∼2 Å in the solid curve gives a strong indication that the lone pair on the N-atom acts as a substantially weaker hydrogen-bond acceptor in the C R -radical (NR) than in neutral glycine (N) itself. Such behavior can be rationalized in terms of the enhanced (captodative) delocalization in the glycyl radical, for example by making the nitrogen lone pair less accessible for H-bonding. Insofar as hydrogen-bonding tendencies are related to proton affinity, 30 this result can also be connected to the reduced basicity at the nitrogen atom in the glycyl radical. The loss of H-bond-accepting ability at this atom appears to be partially compensated for by a concomitant increase in the H-bond-accepting ability at the carbonyl oxygen of the same species (NR). This is manifested in the enhanced peak height associated with the solid curve in Figure 3b .
In addition to the RDF analysis presented above, we have also probed the microsolvation of all four species by monitoring H-bonds throughout the relevant trajectories, where an H-bond X-H•••Y is defined to exist if the X•••Y length is less than 3.5 Å and the angle defined by the three centers comprising the bond is between 120.0°and 180.0°. The results of this analysis, which are shown in Table 3 , serve to provide quantitative confirmation of the conclusions suggested by the RDFs. Specifically, the effect of H-atom loss on the solvation of glycine zwitterion is rather minimal (recall the similarity between parts c and d of Figure 2 ). The average H-bonding behavior of the NH 3 x group can be seen to be virtually identical for the closed-shell (Z) and openshell (ZR) species. The carboxylate oxygens exhibit a minor loss of mutual equivalence in the radical (ZR), but the average H-bond-accepting capacity of the CO 2 -group appears to be unaffected by C R -radical formation.
The H-bond-donating abilities of the N 1 -H and O 1 -H 3 groups of the neutral systems also remain virtually unaltered in response to radical generation. On the other hand, the degree of H-bond acceptance by both N 1 and O 2 does seem to differ significantly between the closed-and open-shell neutral systems. In quantitative support of the graphical interpretation presented in Figure 3 , the average number of H-bonds accepted by N 1 in the neutral radical (NR) (0.3) is reduced by 1.1 (from 1.4) with respect to the closed-shell parent (N). At the same time, the H-bond-accepting capacity of O 2 (2.5) is enhanced in the radical (NR) by 25% compared with that observed (2.0) for the closed-shell species (N). Again, the result is readily rationalized in terms of the captodative delocalization in the glycyl radical.
Concluding Remarks
In summary, we have used a variety of theoretical means to investigate the comparative equilibria between the neutral and zwitterionic forms of glycine and its C R -radical. Our calculations show that an explicit classical representation of the solvent is able to satisfactorily reproduce the known magnitude of the free energy preference for zwitterionic glycine in aqueous solution. An analogous application of the same methodology to the glycyl radical shows that, in contrast to the closed-shell parent system, the neutral form is preferred in solution by approximately 55 kJ mol -1 . Examination of the components of this difference reveals that this preference can be almost entirely attributed to the captodative stabilization of the neutral radical in the gasphase reference state. In other words, even though the zwitterionic radical is significantly better solvated than the neutral radical, the extent of this interaction is not sufficient to overcome the underlying preferential gas-phase stabilization in the neutral glycyl radical. In a related finding, our calculations indicate that it is very unlikely for the neutral glycyl radical to become protonated, even at very low pH values.
A convenient quantitative measure of the relevant differential stabilization is provided by the quantity denoted in the present study as ∆∆G, the difference between the zwitterionic and neutral energies for glycine on the one hand and the glycyl radical on the other. Our calculations predict that ∆∆G adopts a value in the gas phase of 88.8 kJ mol -1 . Despite the potential for solvation to have a substantial effect on this quantity, our best prediction for the value of ∆∆G (aq) lies between 90 and 100 kJ mol -1 , indicating that the impact of the aqueous medium in this case is, in actual fact, quite minor. Analysis of the microsolvation patterns of the four species investigated in the present study supports this conclusion. While large differences are found when collectively comparing the neutral (N and NR) with the zwitterionic (Z and ZR) systems, each open-shell and closedshell pair is found to exhibit relatively similar general solvation patterns. An important difference arises for the neutral pair (N and NR), for which the N-atom of the C R radical (NR) is found to exhibit a markedly reduced propensity for H-bond acceptance (compared with N), whereas the carbonyl oxygen of the radical experiences an apparently compensatory effect. This phenomenon again appears to be a consequence of the simultaneous and synergistic action of π-electron-donating (NH 2 ) and π-electronaccepting (CO 2 H) substituents adjacent to a radical center.
